The large nonlinear phase shifts imparted to the fundamental beam during Cerenkov second harmonic generation (SHG) in a DAN, 4-(N,N-dimethylamino)-3_acetamidonitrobenzene, single crystal core fiber are explained and modelled numerically. Cascading upconversion and downconversion processes leads to nonlinear phase shifts produced by the second order nonlinear coupling of the guided fundamental mode and the component of the Cerenkov second harmonic field trapped in the fiber cladding.
Introduction
The possibility of a cascaded second order effect interfering with the intrinsic third order polarization has been known and understood since the early days of nonlinear optics [ 11. For instance Flytzanis proposed the enhancement of third harmonic generation in crystal structures without inversion symmetry, followed by Meredith's experimental demonstration [ 21. In three-wave-mixing enhanced polariton-wave creation near phase matching was also demonstrated, allowing for the magnitude and sign of the intrinsic third order susceptibility to be measured in GaAs [ 3 1. Recently a vigorous renewed interest in this subject has been generated by advances in the magnitude of the second order nonlinearity which can be used for relatively efficient second harmonic generation. The cascaded process can now produce effects orders of magnitude larger than those due to the native third order susceptibility of non-centrosymmetric materials [4-l 11. In addition the possibility of solitonlike propagation, all-optical switching devices, and perhaps even all-optical transistor action has been numerically explored, opening very exciting areas of research [ 12-15 1.
Cascaded second order effects can occur in organic materials in a number of ways. For example, the possibility of such effects enhancing the second order molecular hyperpolarizability via the retardation of local fields has been proposed in isotropic, i.e. centrosymmetric media [ 16-191. However, using propagation effects in non-centrosymmetric single crystals or poled polymers with very large phase matchable second order susceptibilities appears as a more promising route [ 20-221. These latter material systems are therefore natural candidates for the observation of very large effects via the cascading of two second order processes. The strong field confinements (i.e. high intensities at low input powers) provided by single crystal core fibers recently fabricated 0030-4018/94/$07.00 0 1994 Elsevier Science B.V. All rights reserved XSDIOO30-4018(94) for SHG into the blue-green spectral region provide an interesting option for low power all optical applications [ 23 1. In fact very large spectral broadenings due to self-phase modulation have already been reported in DAN single core fibers and have been used to demonstrate pulse compression [ 24 1. The physical origin of these large effective nonlinearities had been unknown until we recently identified it to be induced by the cascading of second harmonic generation and down conversion [ 25 1. In our previous paper we clearly showed the cascading mechanism to be the dominant one by four distinct nonlinear optical techniques, third harmonic generation, self-phase modulation, nonlinear interferometry and Z-scan. Although we did observe the necessary dependence of the phase shifts on the presence of second harmonic light in the fiber, nonlinear phase shifts were observed only when SHG was detected, we also found that the second harmonic of a 1.320 urn Nd:YAG laser could not be guided by the DAN fiber core because the index dispersion results in a refractive index of the core smaller than that of the cladding. This raised interesting questions about the waveguide cascaded process which had only been observed previously in geometries in which the fundamental and second harmonic were guided modes of a particular sample or geometry. In this communication we demonstrate that the observed large nonlinear phase shifts are produced by the presence of an experimentally observed strong second harmonic wave, the part of the Cerenkov field which exists in the fiber core.
Summary of experimental results
The crystal geometry of the DAN single crystal in the core of the fiber is shown in Fig. 1 . A summary of the experimental conditions is also presented in Table 1. There are two possible orthogonal normal modes for propagation along the fiber axis, one polarized in the Y-plane and the second in the X-Z plane. Whether guiding is allowed or not for a given polarization is determined by the refractive index of the SF1 glass cladding, relative to that of the core for that polarization. Fortunately there is sufficient information available to estimate the index dispersion in both the cladding and core material. These results are shown in Fig. 1 . Note that in our case the DAN The refractive indices at 1320 nm and its second harmonic are emphasized, showing the impossibility of the existence of a true guided mode at second harmonic along the Y axis for a SF1 /DAN fiber.
fiber does not support waveguiding polarized along the Y axis at either the fundamental ( 1320 nm) or second harmonic (660 nm) wavelengths used in our experiment. It was designed for efficient Cerenkov type SHG emission for a fundamental guided mode excited in the X-Z plane and second harmonic polarized along the Y-axis. Indeed we found that we could not propagate a Y-polarized mode at 1320 nm in the fiber. An X-Z polarized mode did propagate. When a randomly polarized HeNe laser beam (632 nm) was launched into the fiber, the only guided beam at the output of the fiber was also polarized along the X-Z plane. The possibility of the refractive index of the fiber core along the Y axis, shown in Fig. 1 , being larger than that of the SF1 cladding can then be excluded [ 261. In addition the only large second order tensor element in the fiber geometry of Fig. 1 corresponds to type I phase matching, with the fundamental wave guided in the X-Z plane with a fundamental field polarization perpendicular to the second harmonic polarized along Y. Therefore the only possible second harmonic light generated has to be radiated out of the core of the fiber, i.e. Cerenkov SHG.
The spatial distribution and polarization properties of the observed second harmonic beams were measured at the output of the fiber. The second harmonic light was clearly polarized at 90" from the fundamental. Images of the radiation emerging from the end of the fiber are shown in Fig. 2 . When the fundamental mode was excited at 1320 nm, the most intense second harmonic light was observed to be Ypolarized and to emerge from the fiber core with a fundamental-like spatial profile. Similarly, when the fundamental was launched into the first higher order spatial mode, again the most intense second harmonic light was observed to emanate from the fiber core, with a spatial profile similar to that of the fundamental and polarized along the Y axis. In addition, the power of the second harmonic light emerging from the fiber core grew quadratically with input power. Therefore, contrary to expectations, Fig. 1 , a Y-polarized second harmonic mode seemed to be guided along the fiber. We also observed that the SHG beam pattern did not change with fundamental power, excluding any spatial-soliton-like effects leading to guiding in the core.
The total amount of SHG collected at the end of the fiber was also measured. Even though the most intense SHG came from the core of the fiber, it only represented about 3% of the total SHG gathered from the fiber, i.e. the integrated second harmonic power radiated into the cladding was 3 1 times larger than the core portions shown in Fig. 2 . The latter observation is not surprising because under Cerenkov type radiation most of the SHG is radiated transversely into the cladding whose cross-sectional area is orders of magnitude larger than that of the core. However at a given propagation position the SHG intensity is strongest in the core. To date, coupled mode equations for which the fundamental and second harmonic copropagate have been used in analyzing the cascading effect. Clearly, they do not apply in a simple way to the current geometry. In the rest of this paper we discuss the results of numerical modelling of our geometry and the insights gained into cascading based on Cerenkov SHG. We will make an attempt to explain: (i) the field protiles observed at the end of the fiber, and (ii) the magnitude and sign of the measured nonlinear phase shifts.
3. Cerenkov SHG in a symmetric planar waveguide, a qualitative picture From the experimental observations discussed above, it is clear that the nonlinear mixing between the second harmonic field bound to the core and the guided wave fundamental field must be responsible for the measured nonlinear phase shift. This is reminiscent of the calculation of Flytzanis in which he first separated the solution for the second harmonic into its inhomogeneous and homogeneous parts, and then examined the effect of the inhomogeneous part on the fundamental propagation wavevector [ 111. Based on the preceding nonlinearly coupled propagation equations, where X' refers to the polarization direction in the "X-Z" plane where type I phase matching can occur, Fig. 1 , and following Flytzanis's approach the change in the propagation constant due to cascading is
Here, d,,is the effective nonlinear coefficient, for example 27 pm/V in the case of DAN, I" is the fundamental intensity and il is the wavelength of the fundamental beam. This wavevector shift leads to a nonlinear phase shift with propagation distance, qualitatively explaining the experimental observation (ii). Our situation is more complex because the overlap of the harmonic fields with the fundamental is actually very small, being limited to the fiber core. Although guided normal modes do not exist for ?he second harmonic field, strong SHG is achieved via the so-called Cerenkov phase-matching technique. In such geometries the following condition has to be satisfied ncl ( 20) > N,,(w) so that the Cerenkov radiation angle into the cladding is given by &,= cos-'[N,,(o)/n,,(2w)],wheren,,(2c~) andN&o) are respectively the cladding refractive index at the harmonic frequency and effective refractive index of the guided mode at the fundamental wavelength. The detailed analysis in fiber geometries is very complicated because of the mathematics associated with cylindrical functions and satisfying boundary conditions [ 27 1.
There are two interesting limits for Cerenkov radiation. For the harmonic field in the core, the propagation effective index is automatically given by N,&w). If n,,(2o)>N,, (o) where n,,(2w) is the core refractive index at the harmonic frequency, the propagation wavevector normal to the fiber axis in the core is real. The other regime occurs for N(w) > n,,, (20) so that the wavevector normal to the surface is imaginary and the fields decay exponentially from the center of the core to the boundaries. This component of the Cerenkov field in the core grows with propagation distance until a steady state balance between radiation loss and growth is reached (except for the slow depletion of the fundamental with distance ).
Steady state analytical solutions are available for the fields in symmetric slab waveguides for n,0(2w) >N,ff(w) 1281
Here A is the amplitude of the fundamental mode in the core; K and p are the transverse components of the propagation constants in the core and cladding, respectively. The field boundary conditions at the interface core-cladding have to be fulfilled leading to both F and F'aA*. One can interpret this type of Cerenkov SHG as being a leaky wave which is continuously regenerated by the second harmonic polarization. However we should emphasize that such an ansatz is only valid at the so called Cerenkov phasematching, it cannot match the boundary conditions at the entrance face and is only applicable to the low depletion regime where back coupling with the fundamental is omitted. In order to solve such a problem a generalized approach has been taken in the past [ 30,3 11 . In addition the solution presented here is only applicable for geometries where the core refractive index at the second harmonic is larger than the effective refractive index of the guided mode at the fundamental wavelength, N&w ) < n,( 20) -C %1(2W). According to Sellmeier's equations [26] , this is not the case of our fiber for which n,,(2w) > N,,(w) > n,( 2~). The major change in the steady state solutions from the preceding case will be that the harmonic field in the core will be given by hyperbolic functions. In both limits these solutions seem to have all the ingredients to explain the first part of the phenomena we are exploring (i): a strong SHG field trappedin the core of the waveguide with good overlap with the mode propagating at the fundamental frequency explaining the observed radiation of Fig.  2 . However, because these solutions do not include the effect of the harmonic field back on the fundamental, we do not proceed further with them. This additional complication which is crucial to producing nonlinear phase shifts on the fundamental encouraged us to approach this problem numerically.
Numerical solutions
In order to gain a more complete picture of this second order process, we performed a numerical simulation based on an enhanced finite difference beam propagation method, EFDBPM, with improved accuracy of the propagation constants [ 321. This method takes into account diffraction of both the fundamental and the nonlinearly generated second harmonic fields. It alternates linear EFDBPM calculations at the fundamental and second harmonic followed by a step in which the coupling between electric fields at both wavelengths is taken into account, and is referred to as SHGBPM [ 33 1 . Under the slowly varying envelope approximation (SVEA) and discretising the fields in the transverse direction, X' for the fundamental and Yfor the second harmonic, Eqs. ( la) and (lb) can be rewritten as follows
Here ko=2n/Io and no is a suitable background refractive index. Es" and E$ are vectors representing the discretised field envelopes and M" and Mzo are tridiagonal discretisation matrices. The equations are solved using a split-step approach; the first two linear operators are handled with the EFDBPM for each wavelength whereas the nonlinear operator is solved pointwise for all discretisation points. It is a two-dimensional scalar calculation on a slab waveguide geometry which contains the relevant physics in a simple geometry. We do not need to take into account vector diffraction because our polarizations are well defined and no additional birefringence along the fiber is observed. Going to cylindrical coordinates, the DAN fiber case, may affect slightly our results in an absolute sense but not in a qualitative way, which is our only goal at this point. The first case examined numerically corresponded to the experimental situation refractive indices etc., as estimated from the reported Sellmeier coefficients [ 261. Fig. 3a shows the evolution of the second harmanic field along the slab. The refractive index protile chosen is shown in Fig. 3b as well as the profiles of the fundamental and second harmonic fields. We used a propagation distance of 4.28 mm and an input fundamental peak power of 30 W which match our experimental conditions. Even though the mode profile matches our observation (i), shown in Fig. 2 , in this case the nonlinear phase shift was calculated to be small, n/ 10 radians, and positive as compared to -n/4 in our experiment.
A series of calculations using the same numerical approach was then performed to try to reproduce the experimental observations (i) and (ii). Since the structure of the core fields changes at n,(2w) =&Y(O), we varied the parameter nCO (2~) -N,,( 0) . The results of such calculations are presented in Fig. 4 . The situation just discussed, case 1, shows a small depletion ( < 5%) and a positive nonlinear phase shift. As the refractive index of the core was increased, larger phase shifts could be achieved at the expense of an increased depletion of the fundamental. It is worth noting at this point that almost complete depletion and a zero phase shift are both obtained for a small positive refractive index difference, Fig. 4 . A large negative phase shift is obtained for yet larger positive values. Such a numeri- cal approach shows that large conversions to the harmonic can be achieved, as well as very large nonlinear phase shifts using Cerenkov radiation, by carefully tailoring the effective refractive indices involved. The SHGBPM [ 33 1, also proves itself here as a formidable design tool for future waveguide optimizations. It seems that ncO (20) > n(w) is needed for a negative phase shift, the result that we observed experimentally. The results of a calculation which closely mimics our fiber experimental results, case 2, are shown in Fig. 5 . The film thickness is chosen equal to the fiber diameter and the refractive index profile at the fundamental frequency is the same as for the fiber case. The core refractive index at 2w was adjusted until the calculated and observed nonlinear phase shifts were in agreement both in magnitude and sign, -7r/4. The calculated fraction of fundamental power converted into the harmonic power was in that case a few percent, ( -5W), also in good agreement with experiment. Similar results can be obtained by adjusting the core diameter instead of the core index at the harmonic wavelength. Varying either of those two parameters tunes the mismatch of the propagation constants, allowing for positive and negative nonlinear phase shifts. In this simulation the induced nonlinear phase distortion for the fundamental is -n/4, fitting our experimental results as measured by self-phase-modulation and nonlinear interferometry for 30 watts of fundamental power in the DAN fiber. Although most of the second harmonic power is in the radiation field in the cladding, it is evident from Fig. 5 that the most intense SH field occurs in the fiber core. The Cerenkov radiation field is also obvious.
The most puzzling element of our calculation is the large refractive index change necessary to match our experimental results, case 2 of Fig. 4 . The best fit was obtained for a modified core refractive index at the second harmonic of 0.03 1 from that predicted by the Sellmeier's equations, Fig. 1 [ 26 1 . It is possible, but not probable, that this difference reflects the weaknesses of our model: a CW calculation with a single transverse dimension considered in a planar geometry where the core width was assumed to be equal to that of the existing DAN/SF1 fiber. It is also possible that the refractive indices assumed are not appropriate for our particular fiber. We note at this point that such an increase in refractive index was previously observed in similar fibers and attributed to an increase of the packing density of the DAN single crystal when grown in glass capillaries [ 34 1.
Summary
In conclusion, we,have shown by a numerical simulation that the DAN fiber designed for efficient Cerenkov radiation is capable of producing large nonlinear phase shifts by cascading of, up-and downconversion processes. Even though the refractive index of the fiber core is less than that of the cladding, intense SHG waves copropagating with the modes at the fun&mental frequency interact with the latter via down-conversion, shifting the phase of the field at the fundamental frequency by -n/4 in just a few milli- meters of fiber with peak input intensities below 50 MW/cm'. Even though our model clearly explains the observed SH field profiles as well as the experimentally measured magnitudes of the nonlinear phase shifts, the sign of the latter could only be reproduced by arbitrarily changing the core refractive index at the second harmonic frequency. The latter observation clearly deserves further scrutiny. We believe that well controlled fibers with improved materials will lead to even larger nonlinear phase shifts which could be applied to phenomena requiring Kerr-law nonlinear responses at low input powers.
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